Observations of seasonal variations of neutron flux from the high-energy neutron detector (HEND) on Mars Odyssey combined with direct measurements of the thickness of condensed carbon dioxide by the Mars Orbiter Laser Altimeter (MOLA) on Mars Global Surveyor show a latitudinal dependence of northern winter deposition of carbon dioxide. The observations are also consistent with a shallow substrate consisting of a layer with water ice overlain by a layer of drier soil. The lower ice-rich layer contains between 50 and 75 weight % water, indicating that the shallow subsurface at northern polar latitudes on Mars is even more water rich than that in the south.
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Observations of seasonal variations of neutron flux from the high-energy neutron detector (HEND) on Mars Odyssey combined with direct measurements of the thickness of condensed carbon dioxide by the Mars Orbiter Laser Altimeter (MOLA) on Mars Global Surveyor show a latitudinal dependence of northern winter deposition of carbon dioxide. The observations are also consistent with a shallow substrate consisting of a layer with water ice overlain by a layer of drier soil. The lower ice-rich layer contains between 50 and 75 weight % water, indicating that the shallow subsurface at northern polar latitudes on Mars is even more water rich than that in the south.
Mars undergoes seasons in which volatile species, carbon dioxide (CO 2 ) and, to a much lesser extent, water are exchanged between the atmosphere and surface (1, 2) . The winter deposition in both hemispheres consists of condensed CO 2 whose accumulation and sublimation are controlled mainly by solar insolation (3) . Throughout the dark autumn and winter seasons, CO 2 accumulates on the surface (4) from the pole to mid-latitudes. In spring, as sunlight returns, CO 2 sublimes back into the atmosphere, exposing the ground surface and residual ice caps at the poles. The north polar residual cap is composed of water ice (5), but the south polar residual ice cap retains CO 2 year-round (6, 7) . Water is much less abundant in the atmosphere than CO 2 (8) , but a large amount of water ice is believed to be sequestered in the shallow substrate (9, 10) , perhaps representing the frozen remnant of water that once flowed freely on the surface in earlier epochs (11, 12) . The seasonal cycling of martian volatiles and the inventories in primary reservoirs have implications for understanding present meteorological processes as well as climate change. To this end, we combine new observations of the neutron flux by HEND (Mars Odyssey) in the northern hemisphere with measurements of topographic height changes from MOLA (Mars Global Surveyor) to measure the thickness of condensed CO 2 and to estimate the water-ice content of the shallow subsurface at northern polar latitudes.
Nuclear emission from Mars is produced within the uppermost surface layer, where energetic charged particles of galactic cosmic rays interact with nuclei of subsurface material and produce secondary neutrons. The neutrons interact with these nuclei, generating emission of nuclear gamma-ray lines and moderating down to thermal energy (13) (14) (15) . Each nucleus is characterized by a set of particular spectral lines of gamma rays, measurement of which permits a determination of the soil composition in the layer of neutron production, ϳ1 to 2 m thick.
The Mars Odyssey spacecraft measures induced nuclear emission from Mars with the three detectors of the Gamma-Ray Spectrometer (GRS) suite (16) . The GRS includes a germanium (Ge) sensor for detection of nuclear lines of gamma rays, a neutron spectrometer (NS) for detection of thermal and fast neutrons (17) , and a high-energy neutron detector (HEND) (18) .
Among all elements, hydrogen is the most straightforward to detect by nuclear emission. First, a leakage flux of neutrons from the surface depends on the presence of hydrogen. Collisions of energetic neutrons with protons (hydrogen nuclei) lead to their rapid moderation down to thermal energies in comparison with much slower moderation by heavier nuclei such as Si or O. Second, slow neutrons are efficiently captured by hydrogen, with the production of deuterium in the excited state followed by emission of photons at 2.2 MeV. Consequently, a reduced flux of high-energy neutrons and an excess of 2.2-MeV photons over a region of Mars, compared to typical values, indicate the presence of hydrogen in the layer of neutron production. Water is the most abundant substance that contains hydrogen, and therefore the enhancement of hydrogen can be taken as a proxy for the enhancement of water (19) .
Soon after the initiation of the Odyssey mapping stage, the two neutron instruments detected a strong depression of high-energy neutrons from high southern latitudes Ͼ60°S of Mars (17, 18) . During the same period, the GRS detected a strong excess of 2.2-MeV photon flux from the same region (19) . These observations were interpreted collectively as evidence for an extensive water ice-bearing region, poleward of 60°S latitude, characterized by 35 Ϯ 15 weight % (wt %) water ice, overlain by a layer of drier soil with a latitude-dependent thickness within 10 to 100 cm (17) (18) (19) .
Maps of neutron flux (17, 18) were obtained during the southern hemisphere summer, at solar longitude L s ϳ 330° (20) , when the ground at high northern latitudes was covered by CO 2 that condensed from the martian atmosphere during the winter night (4). Mars Odyssey has now collected data for more than half a martian year and includes temporal coverage of the winter-to-summer transition in the north. The difference in epithermal neutron flux (21) from the northern hemisphere of Mars for winter (L s ϭ 330°to 360°) compared to summer (L s ϭ 90°to 165°) reflects the seasonal change in the composition of material in the layer of neutron production ( Fig. 1) . Figure 2 highlights this change for four latitudinal annuli: 80°to 85°N, 75°to 79°N, 70°to 74°N, and 65°to 69°N. High count rates of neutrons at L s ϭ 330°to 360°corre-spond to the end of northern hemisphere winter, when the dry layer of CO 2 covered the high-latitude surface of the northern hemisphere (22) (Fig. 2) . The map for this season does not show a strong signature of water ice at high latitudes, except for a localized area north of the Tharsis volcanic province in Vastitas Borealis ( Fig. 1, left ; longitudes ϳ180°to 270°E). The absence of a water signature at other longitudes around the pole indicates that neutron production occurred primarily in the CO 2 layer.
In early spring, when the surficial cover of CO 2 sublimes, the layer of neutron production begins to include the soil. Because the ground contains more water than the layer of CO 2 deposition, the flux of neutrons decreases with increasing L s (Fig. 2) . The neutron flux stabilizes at L s ϭ 60°for the annulus 65°t o 69°N, at L s ϭ 90°for the 70°to 74°N and 75°to 79°N annuli, and at L s ϭ 100°for the annulus 80°to 85°N, at which points there is virtually no condensed CO 2 on the soil in the northern hemisphere. Direct observations at the same locations by previous missions confirm the absence of surficial CO 2 deposition after similar seasons of the Martian year (23). The corresponding summer map for L s ϭ 100°to 165°is characterized by a decrease in the neutron flux poleward of 50°to 60°N (see boundary of blue color in Fig. 1, right) , at which time the layer of neutron production in this extensive region is contributed by a soil with water ground ice.
The previous discussion indicates that the neutron flux scales with the thickness of the layer of CO 2 , such that a higher flux of neutrons corresponds to a thicker deposit of CO 2 . To infer depth of CO 2 from the neutron-flux observations, we compared the neutron flux from HEND to observations of surface height change from MOLA (24, 25) (Fig. 3) . During the MGS mapping and extended missions, MOLA measured temporal changes of the height of the martian surface that correlated with the seasonal cycle of deposition and sublimation of CO 2 (26). The MOLA observations (27) were obtained one Mars year earlier than those from HEND, but data from these two instruments show a direct correlation between the thickness of CO 2 deposition and neutron flux for corresponding seasons (28).
MOLA and HEND observations are the most complementary when the thickness of CO 2 changes between ϳ20 cm and ϳ1 m (Fig. 3A) . For CO 2 layer thicknesses of Ն1 m, the flux of neutrons becomes constant because the layer of neutron production would include dry ice only. On the other hand, neutron measurements are more sensitive for thin layers of CO 2 (Յ20 cm) where MOLA reaches its resolution limit (26). Indeed, for the late spring, the HEND neutron data continue to show a decrease of CO 2 , whereas the MOLA data display random deviations around zero thickness. This effect is seen for latitude belts 75°to 79°N, 70°to 74°N, and 65°to 69°N (Fig. 3, B to D) , where HEND data still permit detection of CO 2 thickness at the scale of centimeters.
To interpret the neutron flux in terms of subsurface volatile content, we used the simplest four-layer model of suborbital material distribution (29). The uppermost layer is the martian atmosphere of CO 2 with constant column density h atm ϭ 20 g cm Ϫ2 . The second layer is the surficial cover of condensed CO 2 , with variable thickness h CO 2 in m and density ϳ1 g cm Ϫ3 (27). The shallow substrate consists of the bottom layer with water ice overlain by a layer of drier soil. The upper layer has variable thickness h dry . We considered four cases with different column densities h dry ϭ 60, 40, 20, and 10 g cm Ϫ2 . For all cases, we assumed for the upper layer 97 wt % soil with a Pathfinder composition (30) and 3 wt % water (31, 32). Two options were considered for the shallow substrate with ground ice: in the first case it contains 50 wt % soil with Pathfinder composition and 50 wt % water ice, and in the second it contains 25 wt % soil with Pathfinder composition and 75 wt % water ice. This ice-rich layer has a thickness much greater than 2 m.
To compare the model calculation with HEND observations, we normalized the calculated flux of epithermal neutrons by that for a homogeneous soil with 98.5 wt % Pathfinder composition (30) and 1.5 wt % water. This reference value corresponds to the maximum observed flux of epithermal neutrons, which occurs in the Solis Planum region (270°E, 25°S) ( Fig. 1) (33) .
The calculated relations between neutron flux and the thickness of deposited CO 2 (Fig.  3) quantify how the flux of neutrons increases with the changing thickness of winter CO 2 deposition. The relations are different for different column densities h dry of the upper layer. For a larger column density h dry , the difference between data for winter with h CO 2 Ͼ 1 m and for summer with h CO 2 ϭ 0 is smaller because either dry CO 2 ice or dry soil represents the primary contribution to the layer of neutron production. When the column density h dry is smaller than 10 g cm Ϫ2 , the difference between data for winter with h CO 2 Ͼ 1 m and for summer with h CO 2 ϭ 0 is much larger because the bottom layer with water ice dominates in the layer of neutron production for the second case.
Comparison of the most reliable measurements (h CO 2 ϭ 20 to 80 cm) by HEND and MOLA in the highest latitude annulus 80°to 85°N (see crosses in Fig. 3A) is consistent with a model characterized by a thickness of winter CO 2 deposition of 80 cm and by a relatively small column density, h dry ϳ10 g cm Ϫ2 (34), of the upper soil layer. For a changing thickness h CO 2 of deposited CO 2 , Fig. 1 . Polar maps of epithermal neutron flux (21) from northern hemisphere of Mars as measured during northern winter (L s ϭ 330°to 360°) and summer (L s ϭ 100°to 165°) (20) . The maps have a pixel resolution of 1°by 1°(60 km by 60 km) and have been smoothed with linear averaging in 5°by 5°cells (40) . The count rate of the neutron flux has been normalized by its maximum value, which is observed in the equatorial Solis Planum region at 270°E, 25°S (33). The neutron flux is superposed on a shaded relief map of MOLA topography (25). the slope of the model curves indicates a 50 wt % to as high as 75 wt % content of water ice in the ice-rich layer (Fig. 3A) . When Odyssey collects data for the annulus 80°to 85°N, the HEND field of view corresponds to a circle with angular diameter of ϳ10°on the surface. Therefore, the average flux of neutrons for this annulus corresponds to emission from the surface of the residual ice cap at 270°to 90°E and from the layered terrains at 90°to 180°E. Therefore, our estimation of h dry represents the mean value for these two parts of the north polar region. This value could serve as the upper limit for the thickness of dry deposits over the residual ice cap at 270°to 90°E and as the lower limit for the thickness of drier soil at layered terrains at 90°to 180°E.
The data for belts at moderate polar latitudes 75°to 79°and 70°to 74°N (Fig. 3 , B and C) are consistent with a model with a column density of the drier layer h dry ϳ 40 g cm Ϫ2 and with a water-ice content in the bottom layer of about 50 to 75 wt % (green curves in Fig. 3, B and C) . According to this model, the maximum flux of neutrons leads to a maximum thickness of CO 2 winter deposits of about 55 and 40 cm for the 75°to 79°and 70°to 74°N annuli, respectively. These thicknesses from the model-dependent HEND data interpretation are about 10 cm larger than direct measurements from MOLA (Fig. 3, B and C) , but the difference is comparable to the accuracy of the MOLA measurements (26 ). Alternatively, the difference might be explained by actual differences in two different years of MOLA and HEND observations.
For the annulus that includes latitudes 65°to 69°N (Fig. 3D) , the MOLA instrument cannot measure condensed CO 2 depth changes due to accumulation below the level of resolution (26, 27 ). However, it is possible to make a model-dependent estimation of the thickness of winter CO 2 deposition from the MOLA-calibrated HEND data. The neutron flux for summer with h CO 2 ϭ 0 implies a column density of the drier layer h dry Ն 40 g cm 2 , and a water-ice content in the lower layer of about 50 to 75 wt % (Fig. 3D, green curve) . According to these model parameters for the shallow substrate, the maximum neutron flux for winter corresponds to 30 cm of CO 2 deposition on the surface within this annulus.
Therefore, the thickness of winter CO 2 deposition in the north decreases from 0.8 m within the 80°to 85°N annulus down to about 0.3 m within the 65°to 69°N annulus. The total amount of condensed CO 2 in the north is on the order of 2 ϫ 10 18 g. Data for winter-to-summer changes in neutron flux in the northern hemisphere indicate the presence of a large region of ground ice at northern polar latitudes (Fig. 1) . For 50 wt % water the volume of ice is about 70%, and for 75 wt % water the ice volume is greater than 90%; the entire range of acceptable solutions is much larger than could be associated with soil porosity (19) . Thus, the dominant volumetric constituent of the shallow substrate is water ice. The 50 wt % water-ice content for the north is comparable to the initial estimate of 35 Ϯ 15 wt % for the southern hemisphere (19) , as deduced from the data collected during southern hemisphere summer from the Odyssey GRS suite (17) (18) (19) . The current results indicate that the water-ice content at northern polar latitudes is even greater than that in the south. It should be understood that these simple models of a shallow substrate are just plausible examples of distributions that are consistent with the observations. There are certainly other more detailed models that can fit the epithermal data, but the finding of abundant water ice in the shallow subsurface of Mars is robust. 
Equatorially Dominated Magnetic Field Change at the Surface of Earth's Core
Christopher C. Finlay* and Andrew Jackson Slow temporal variations in Earth's magnetic field originate in the liquid outer core. We analyzed the evolution of nonaxisymmetric magnetic flux at the core surface over the past 400 years. We found that the most robust feature is westward motion at 17 kilometers per year, in a belt concentrated around the equator beneath the Atlantic hemisphere. Surprisingly, this motion is dominated by a single wavenumber and persists throughout the observation period. This phenomenon could be produced by an equatorial jet of core fluid, by hydromagnetic wave propagation, or by a combination of both. Discrimination between these mechanisms would provide useful constraints on the dynamics of Earth's core.
A dynamo mechanism operates in Earth's liquid outer core: Convective motions induce electrical currents, which in turn produce the geomagnetic field (1) . The details of this process are complex, and the generated field varies in time and space. Regularized inversion techniques (2), using observations made by mariners, magnetic observatories, magnetic surveys, and satellites, have been used to obtain images of the magnetic field at the core surface. A recent compilation of all suitable direct observations of the field has been used to construct a time-dependent field model (3), which is our most complete picture of the evolution of the magnetic field over the past 400 years. It is important that the information contained in this model be fully exploited and used to constrain and inform the development of rapidly improving models of the geodynamo (4, 5).
Here, we systematically decompose the radial magnetic field at the core surface, retaining only the nonaxisymmetric part, which varies on time scales shorter than the 400-year historical record; we refer to this as the residual field. Our method enables us to follow changes in the field morphology over the entire span of observations and does not rely on knowledge of the field strength, which was measured only after 1830. Nonaxisymmetric fields in the core are known to be important for maintaining the geodynamo (6), and their motions produce field changes observed at Earth's surface (7) (8) (9) . Geodynamo models also display concentrations of nonaxisymmetric field (10)-for example, at points where fluid flow near the core surface converges-although the mechanism producing the motion of such flux foci remains poorly understood.
The radial magnetic field B r at the core surface was sampled every 2°in latitude and longitude and every 2 years in time. We removed the time-averaged axisymmetric field and high-pass filtered in the time domain to remove that part of the signal containing periods longer than 400 years. The residual field is typically only 10% of the School of Earth Sciences, University of Leeds, Leeds LS2 9JT, UK.
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